Abstract: Rare mono-and diorganopentaphosphido cobalt complexes are accessible by P-P condensation using the unprecedented, reactive cobalt-gallium tetraphosphido complex [K(dme)2{( (5) was isolated by reacting dichloroalkylphosphane tBuPCl2 with 2. Heterobimetallic complexes such as 2 thus may enable the targeted construction of a range of new metal-coordinated polyphosphorus frameworks by P-P condensation.
Experimental Procedures General Remarks
All manipulations were performed under an atmosphere of dry argon using standard Schlenk techniques or an MBraun UniLab glovebox.
Chemicals and Solvents:
Solvents were dried and degassed with an MBraun SPS800 solvent-purification system. THF, diehtylether, and toluene were stored over molecular sieves (3 Å) . n-Hexane was stored over a potassium mirror. 1,2-dimethoxyethane was stirred over K/benzophenone, distilled and stored over molecular sieves (3 Å) . n-Pentane was stirred over sodium, distilled and stored over a potassium mirror.
NMR spectroscopy: NMR spectra were recorded on Bruker Avance 300 and Avance 400 spectrometers at 300 K and internally referenced to residual solvent resonances (δTMS = 0.00 ppm, . The full line shape iteration procedure of gNMR was applied to obtain the best match of the fitted to the experimental spectrum.
1 J( 31 P 31 P) coupling constants were set to negative values and all other signs of the coupling constants were obtained accordingly. 2 Assigned atoms in the 13 C spectra were indirectly deduced from the cross-peaks in 2D correlation experiments (HMBC, HSQC).
31
P NMR reaction monitoring was performed on a Bruker AVANCE III HDX, 500 MHz Ascend ( 31 P(202.45 MHz)). PH-HMBC NMR spectra of compound 5 were recorded on a Bruker Avance III 600 spectrometer with a 5 mm TBI-F probe. 1 H chemical shifts were referenced to the THF-d8 signal at 3.58 ppm. The heteronuclei 31 P was referenced, employing n(X) = n(THF-d8) · Xreference / 100 % according to Harris et al. 3 The following frequency ratio and reference compound was used: X( 31 P) = 40.480742 (H3PO4).
Elemental analyses: Elemental analyses were determined by the analytical department of the University of Regensburg with a Micro Vario Cube (Elementar).
UV/vis spectra: UV/vis spectra were recorded on an Ocean Optics Flame spectrometer.
Melting points:
Melting points were measured on samples in sealed capillaries on a Stuart SMP10 melting point apparatus. 
Chemicals

Synthesis of [K(dme)2{(
Mes BIAN)Co(μ-η 4 :η
-P4)Ga(nacnac)}] (2)
A green THF solution (15 mL) of [K(Et2O)0.1{Co( Mes BIAN)(1,5-cod)}] (1) (479 mg, 0.761 mmol, 1.0 equiv.) was added to a yellow THF solution (25 mL) of [(nacnac)Ga(η 2 -P4)] (500 mg, 0.761 mmol, 1.0 equiv.). The resulting green reaction mixture turned dark violet upon vigorous stirring for 3 days at room temperature. Volatiles were removed in vacuo and the remaining violet solid was washed with 20 mL n-hexane. The crude product was redissolved in 30 mL DME, filtered through a glass frit and concentrated. Dark violet needles were obtained by layering the DME solution with n-hexane (1:2) after storage for 3 days at room temperature. The isolated product contains 2 DME molecules and 0.1 n-hexane solvate molecules per formula unit after drying in vacuo (10 
Synthesis of [( Mes BIAN)Co(cyclo-P5iPr2)] (3a)
A solution of iPr2PCl in THF (0.91 mL, c = 0.18 mol·L [Ga(nacnac)] hydrolyses on aluminum oxide to nacnacH, which elutes first as colorless band (Rf (n-hexane/toluene, 7/1 = 0.6). The following blue band (Rf (n-hexane/toluene, 7/1 = 0.2) was collected, the obtained solution concentrated in vacuo and crystallization by n-hexane diffusion gave X-ray quality crystals of 3a after three days storage at room temperature. 
Synthesis of [( Mes BIAN)Co(cyclo-P5tBu2)] (3b)
A solution of tBu2PCl in THF (0.5 mL, c = 0.24 mol·L -P4)Ga(nacnac)}] (2) (150 mg, 0.12 mmol, 1.0 equiv.). The reaction mixture was stirred while heating to 60 °C for 2 days accompanied by a color change of the solution to cyan. Separation from by-product [Ga(nacnac)] was achieved by column chromatography (stationary phase: neutral aluminum oxide, activity grade: Super I, 20 x 2 cm, eluent: n-hexane/toluene gradient, 100/0 to 0/100).
[Ga(nacnac)] hydrolyses on aluminum oxide to nacnacH, which elutes first as colorless band (Rf (n-hexane/toluene, 7/1 = 0.6). The following blue band (Rf (n-hexane/toluene, 7/1 = 0.2) was collected, and the solvent was removed completely under vacuum. The remaing blue solid was extracted with n-hexane. Pure crystalline product 3b precipitated from a concentrated solution of n-hexane at room temperature in the course of three days. [Ga(nacnac)] hydrolyses on aluminum oxide to nacnacH, which elutes first as colorless band (Rf (n-hexane/toluene, 7/1 = 0.6). The following blue band (Rf (n-hexane/toluene, 7/1 = 0.2) was collected, the obtained solution concentrated in vacuo and crystallization by n-hexane diffusion gave X-ray quality crystals of 3c after three days storage at room temperature. C(CH)3), 33.2 (C(CH)3) , 30.6 (CH(CH3)2), 30.2 (CH(CH3)2), 28.4 (CH(CH3)2), 28.2 (CH(CH3)2), 27.3 (CH(CH3)2) 27.6 (CH(CH3)2), 26.0 (CH(CH3)2), 25.7 (CH(CH3)2), 25.5 (CH(CH3)2), 25.3 (CH(CH3)2), 24.4 (CH(CH3)2), 23.9 (CH(CH3)2), 23.8 (CH3(nacnac)), 23.7 (CH3(nacnac)), 23 
X-ray crystallography
The single crystal X-ray diffraction data were recorded on an Agilent Technologies SuperNova in case of 2, 2', 3b, 3c, 5 and on a GV1000 diffractometer in case of 1, 3b, and 4 with Cu Kα radiation (λ = 1.54184 Å). Empirical multi-scan 11 and analytical absorption corrections 12, 13 were applied to the data. The structures were solved with SHELXT 14 and least-square refinements on F 2 were carried out with SHELXL 15 . During the refinement of structure 2 the PLATON Squeeze model was applied to one highly disordered molecule DME per formula unit, which was found in a volume of 841.6 Å 3 containing 92.9 electrons. 16 Compound 4 crystallized as multicrystal in the triclinic space group P1 ̅ . Three unit cells were identified. For each unit cell a separate data reduction was performed using the multicrystal/twining data reduction tool as implemented in CrysAlisPro. 13 In case of 4·thf a solvent mask was calculated and 79.5 electrons were found in a volume of 543.0 Å
3
. This is consistent with the presence of one molecule THF per formula unit (80 electrons) using Olex Solvent Mask. 17 CCDC 1861837 (1-dme), 1861833 (2), 1861832 (2'), 1861829 (3a), 1861830 (3b), 1861831 (3c), 1861834 (4·thf), 1861835 (4·n-hexane), 1861836 (4'·n-hexane), and 1874059 (5) contain the supplementary crystallographic data for this paper. These data are provided free of charge by The Cambridge Crystallographic Data Centre. 
Computational Details
Geometry optimization and electronic structure of a truncated model compound
Prior to the calculation of the phosphorus chemical shielding σcalcd the electronic structure of the compounds 2, 3b and 4 was analyzed with respect to the redox active BIAN ligand. Benchmark studies were performed on a truncated model complex 3' (Figure S45 ) using the Gaussian09 program package (Revision E.01).
18 Figure S45 . Representation of the truncated model complex 3'.
The geometry of 3' was optimized in the closed-shell singlet configuration on the B3LYP/6-311G(d) level of theory. Subsequently, single point calculations were performed on different possible electronic configurations (Table S9) . The preliminary benchmark studies revealed that the triplet (S = 1) state is less favored (15.17 kcal/mol) relative to the closedshell configuration (S = 0). The relative energies of the open-shell singlet configuration to the closed-shell system are close together and differ only by 0.88 kcal/mol, suggesting an open-shell spin state. The single-reference broken symmetry approach only yields an approximate solution, in which an antiferromagnetic coupling between an unpaired electron of the BIAN ligand with an unpaired electron of the cobalt atom is observed ( Figure S46 ). However, DFT is a single reference method and relative energies of species in different spin state configurations are innately troublesome. Due to the very small energy difference of open-shell to closed-shell configuration (0.88 kcal/mol) the true electronic structure of model complex 3' cannot be sufficiently described using standard DFT methods. Multi-reference approaches, such as CASSCF, are able to accurately describe the electronic structure of open-shell singlet configurations. However, such large systems present in compounds 2, 3a and 4 are currently too expensive to optimize with these multi-reference methods.
19-23
Thus, we decided to optimize the full systems 2, 3a and 4 in a closed-shell singlet configuration, well knowing that the obtained electronic state is only an approximation. The meta-hybrid functional TPSSh together with split basis sets (def2-QZVP for Co, N, P, Ga; and def2-SVP for C, H) were employed. The optimized structures are in good agreement with the single crystal X-ray diffraction measurements and the nature of the stationary points was further verified by numerical frequency analyses.
Calculation of
P NMR chemical shielding
Even though the closed shell configuration of compounds 2, 3a and 4 does not represent the true electronic structure we calculated the phosphorus chemical shielding σcalcd using the Amsterdam Density Functional program package. 24 The preoptimized structures were supplied to ADF, optimized at the PBE-D3BJ/TZP level of theory and subsequently supplied to ADF's EPR/NMR program to calculate the 31 P chemical shielding. The obtained values are calculated relative to a bare phosphorus nucleus. They can be converted to chemical shifts δ relative to an appropriate reference system for which we used the 31 P NMR reference compound 85% aqueous phosphoric acid as not stated otherwise. Complex 3a has shown to be an inappropriate reference system for the Ga containing complexes 2 and 4.
The theoretical magnetic shielding of 85% aqueous H3PO4 can hardly be obtained and auxiliary substances for which gasphase NMR data are available have to be used (PH3 δg = 266.1 ppm). The calculated phosphorus chemical shielding σcalcd can be converted into chemical shifts by this relationship: 25 δ(s,calc) = σ(PH3, calc) − σ(s, calc) − 266.1 ppm σ(PH3, calc) is the theoretical magnetic shielding of PH3 calculated at the PBE-D3BJ/TZP level of theory using ADF (σcalcd = 584.9).
P NMR chemical shielding of 3a
At first, the phosphorus chemical shieldings σcalcd for 3a were calculated to show that the 31 P chemical shielding in the closedshell configurations give the same trend as those observed experimentally (Table S10 ). The experimental 31 P NMR spectrum of 3a displays a symmetric splitting pattern in solution. Thus, the geometry of 3a was optimized once in a Cs constrained symmetry and once without any symmetry constraint. The resulting Cs symmetric complex 3a
Cs is about 1 kcal/mol less favored to the unsymmetrical geometry resemble the XRD data. Table S11 . Chemical shifts were referenced either to 85% aqueous phosphoric acid or were referenced internally to phosphorus atom P2. Figure S47 . Section of 31 P{ 1 H} NMR spectrum of crystalline 4 in C6D6; resonances marked with ▲ (Int-1) and ■ (Int-2) are assigned to the intermediates (bottom); calculated 31 P NMR chemical shifts of 4 referenced internally to P2 (top).
P NMR chemical shielding of 2
In order to properly assign the P-atoms in compounds 2 and 2' the 31 P NMR chemical shieldings of anion 2 were calculated. The trend of calculated and experimental chemical shifts were compared and the high-field shifted signal can clearly be assigned to the Ga-bound phosphorus atoms. 
